Cyclin D1 is critical for entry into, continuation of, and exit from the cell division cycle. Mitogen stimulation of quiescent cells induces cyclin D1 expression in a transcription-dependent manner. In actively cycling cells, on the other hand, fluctuation of cyclin D1 protein levels through the cell cycle is post-transcriptionally regulated. Cyclin D1 is expressed at low levels during S phase to allow efficient DNA synthesis, and induced to high levels in G2 phase through Ras activity to commit the cells to continuing cell cycle progression. Once induced in G2 phase, cyclin D1 expression becomes Ras independent through the next G1 phase, where it promotes G1/S transition. When mitogenic signaling is abrogated, however, cyclin D1 fails to increase during G2 phase and the cell becomes arrested in the next G1 phase. In this way, the expression levels of cyclin D1 in G2 phase determine the fate of the next cell cycle. Despite its importance of the mechanism of cyclin D1 suppression upon mitogen withdrawal is unknown. Using both quantitative fluorescence microscopy and biochemical analyses, we have found that, upon serum deprivation, cyclin D1 mRNA is downmodulated without any decline in its rate of transcription. Furthermore, cyclin D1 mRNA half-life becomes shorter when serum is removed. These results demonstrate that cyclin D1 message destabilization plays a critical role in cyclin D1 suppression during G2 phase of serum-deprived cultures, and therefore in the withdrawal from the cell cycle.
Introduction
Cyclin D1 plays a critical role in the control of cell proliferation. When quiescent cells are stimulated with mitogens to enter the cell division cycle, transcription of cyclin D1 is activated through multiple signaling pathways downstream of Ras (Albanese et al., 1995; Winston et al., 1996; Gille and Downward, 1999) . Cyclin D1 then associates with its partner kinases, cyclin-dependent kinases (cdks) 4 and 6, to form a retinoblastoma protein (Rb) kinase. In addition, cyclin D1 sequesters cdk inhibitors to activate cyclin E/cdk2, another Rb kinase (Sherr and Roberts, 1995) . Upon phosphorylation, Rb is released from E2F transcription complexes, triggering expression of E2F target genes, which are involved in G1/S transition, and DNA synthesis (Ishida et al., 2001) . In this way, cyclin D1 is essential for G1/S transition of the cells expressing Rb (Baldin et al., 1993; Lukas et al., 1995; Ohtsubo et al., 1995) .
During this process, growth factors are continuously required until the restriction point, several hours prior to DNA synthesis initiation. After passing this point, however, mitogens are no longer required and the cells become committed to complete the entire cell division cycle (Pardee, 1974) . It is postulated that expression of E2F target genes following Rb phosphorylation might be the molecular basis of the restriction point (Planas and Weinberg, 1997; Blagosklonny et al., 2002) . This means that passage through the restriction point requires the cyclin D1-dependent phosphorylation of Rb. During re-entry into the cell cycle, cyclin D1 message and protein rapidly disappear upon mitogen removal (Matsushime et al., 1991) . If this happens before the restriction point, Rb remains underphosphorylated and cells stop progressing through G1 phase. In this way, cyclin D1 serves as a mitogen sensor that functions upstream of the restriction point (Blagosklonny et al., 2002) . As it plays such a critical role, it is not surprising that cyclin D1 expression is regulated by multiple mechanisms, such as changes in transcription (Albanese et al., 1995; Winston et al., 1996) , protein stability (Hashemolhosseini et al., 1998; Agami and Bernards, 2000; Casanovas et al., 2000; Miyakawa and Matsushime, 2001; Guo et al., 2002) , message turnover (Hashemolhosseini et al., 1998; Dufourny et al., 2000; Lin et al., 2000) , and nucleocytoplasmic transport of the transcript and the protein (Rosenwald et al., 1995; Topisirovic et al., 2003) .
The above studies of quiescent cells reveal the importance of cyclin D1 during the cell cycle entry, but do not describe its role throughout the continuous cell cycle of actively proliferating cells. By combining time lapse analysis, quantitative fluorescent microscopy, and microinjection, we have established a method to analyse cell cycle progression in asynchronous cultures without perturbing the cell division cycle by synchronization. With this approach, it has been demonstrated that cyclin D1 is expressed to high levels from G2 through G1 phase, but to low levels during S phase in actively cycling cells (Hitomi and Stacey, 1999b) . The low level of cyclin D1 expression during S phase may be required for efficient DNA synthesis (Pagano et al., 1994) . In addition, low cyclin D1 levels in the S phase ensure that high levels in other cell cycle phases must result from stimulation of cyclin D1 expression (Stacey, 2003) . Thus, in the presence of favorable mitogenic conditions, cyclin D1 is induced to high levels by Ras activity as the cells progress from S to G2 phase. Once induced in the G2 phase, cyclin D1 expression becomes Ras independent through the next G1 phase and promotes cell cycle transition from G1 to S phase without mitogen or Ras activity (Sherr et al., 1992; Aktas et al., 1997; Connell-Crowley et al., 1998; Albrecht and Hansen, 1999; Hitomi and Stacey, 1999b) . If Ras activity is abrogated during the S/G2 transition, on the other hand, cyclin D1 induction during G2 phase is suppressed and the cells are arrested immediately after mitosis, due to the insufficient levels of cyclin D1 for entry into the subsequent S phase (Hitomi and Stacey, 1999a, b) . In this way, G2 phase is the point in the cell cycle where continuously cycling cells make a decision to complete the next cell division cycle. This G2 phase decision requires induction of cyclin D1 from the low levels present during S phase in a process requiring Ras activity (Hitomi and Stacey, 2001; Stacey, 2003) .
Despite the importance of cyclin D1 expression levels during G2 phase for continuation of the cell cycle in actively proliferating cultures, it is still a question as to how cyclin D1 expression in G2 phase is regulated by the extracellular mitogenic environment. Answering this question is complicated by the inability to perform biochemical analysis in an asynchronous culture, on the one hand, and also by the uncertainty of data obtained following cell cycle synchronization, on the other. In this study, therefore, the results obtained by biochemical analyses of synchronized cultures were carefully verified by single-cell-based analyses of asynchronous cultures. We find that disruption of mitogenic signaling downmodulates cyclin D1 during G2 phase through destabilization of its message, without any significant change in the rate of transcription.
Results

Serum removal suppresses cyclin D1 protein expression in G2
In cycling cells, cyclin D1 is expressed at high levels in G1 and G2 phases, and at much lower levels in S phase. Previously, we found that abrogation of the mitogenic signal by microinjection of a neutralizing anti-Ras antibody suppressed cyclin D1 expression first in G2 phase, and only later in G1 phase (Hitomi and Stacey, 1999b) . We first examined if serum deprivation inhibits cyclin D1 expression in a similar manner. For this purpose, we used quantitative fluorescent microscopy to determine the fluorescence intensity of stained molecules in individual cells (Hitomi and Stacey, 1999b) . When serum was removed from the medium for 6 h, cyclin D1 protein expression in G2 phase was suppressed to low levels. After 12 h of serum deprivation, however, cyclin D1 levels also began to decline in G1 phase (Figure 1a) . The expression levels of cyclin D1, however, vary among individual cells of each cell cycle phase. Therefore, to confirm the cell cycle-dependent suppression of cyclin D1 protein expression, we calculated the average cyclin D1 expression levels for each cell cycle phase at each time of serum deprivation. , or 12 h. Cells were fixed and stained for cyclin D1 and DNA with a monoclonal anti-D1 antibody and DAPI, respectively. The fluorescence intensity of each stain was determined by digital image analysis. The cyclin D1 level for each cell was plotted against its DNA content. (b) NIH3T3 cells were treated in the same way as panel a, except that they were pulsed with BrdU for 15 min at the end of the serum starvation. After staining with specific antibodies and DAPI, the intensities of cyclin D1, incorporated BrdU, and DNA were determined by image analysis. The cells were grouped according to their cell cycle phase determined by BrdU incorporation and DNA content. The average cyclin D1 level for each cell cycle phase was calculated. The average proportion of cyclin D1 protein remaining, relative to the initial values for each cell cycle phase, is plotted for each time point. The error bars indicate standard errors (n ¼ 5 for 6 h, n ¼ 2 for 3 and 12 h) Cyclin D1 mRNA destabilization and cell cycle exit Y Guo et al S phase cells were identified with a BrdU pulse for 15 min at the end of the serum starvation period, while G1 and G2 phase cells were distinguished by DNA content. As shown in Figure 1 , panel b, average cyclin D1 suppression in G1 phase of repeated experiments was delayed compared to the other cell cycle phases, particularly after 6 h of serum starvation. This is similar to the pattern observed when Ras was abrogated by microinjection of anti-Ras antibody (Hitomi and Stacey, 1999b) . We concluded, therefore, that serum withdrawal is a suitable means to rapidly turn off mitogenic signaling to allow investigation of the mechanism of cyclin D1 downmodulation.
In order to analyse cyclin D1 suppression during G2 phase biochemically, we examined different synchronization methods to determine the one that best recapitulates the regulation of cyclin D1 expression during the S/G2 transition in actively cycling cultures. Some synchronization methods, such as release from quiescence by serum restimulation, mitotic shake-off, or centrifugal elutriation following trypsinization, failed to achieve suitable synchronization in G2 phase (data not shown). On the other hand, the cells released from thymidine block progressed from S through G2 phase with a high degree of synchrony. The culture enriched in G2 phase was obtained at 5-6 h after the release from thymidine block (Figure 2A) . No further improvement in synchrony was obtained following a second thymidine treatment (data not shown), so single thymidine block release was used in this study. It was next necessary to confirm that cyclin D1 expression was regulated in a normal way in these synchronized cultures. To do so, the profile of cyclin D1 expression was analysed at various times following release from thymidine block. During the synchronous progression from S to G2 phase, the fluorescent intensity of cyclin D1 staining increased, as was observed in actively proliferating cells (Figure 2A ) (Hitomi and Stacey, 1999b; Guo et al., 2002) . This increase during the S/G2 transition was confirmed by statistical analysis of multiple experiments (Table 1) . After passing through mitosis, G1 cells continued to express high levels of cyclin D1 (Figure 2A ). We concluded that the culture released from thymidine block recapitulates the pattern of cyclin D1 expression observed in continuously cycling cells.
To further validate the utility of the synchronization procedure, we determined if the induction of cyclin D1 upon entry into G2 phase in synchronized culture depends upon Ras activity, as it does in actively cycling cultures (Hitomi and Stacey, 1999b; Guo et al., 2002) . Cells were injected with anti-Ras antibody immediately after the release from thymidine block. After 6 h, cells were fixed and stained for cyclin D1 and DNA. To identify injected cells, injected antibody was also stained. Anti-Ras injection suppressed cyclin D1 induction in G2 phase without inhibiting S/G2 progression ( Figure 2B and Table 1 ). In addition, when thymidineblocked cells were released into medium containing alpha-amanitin, a transcription inhibitor, cyclin D1 protein was again induced normally upon entry into G2 phase ( Figure 2C and Table 1 ). Previous studies demonstrated that cyclin D1 induction during G2 phase was not regulated by transcription in actively cycling cultures (Guo et al., 2002) . These data indicate that cultures synchronized by thymidine block-release retain the same cyclin D1 control characteristics and expression profile seen in actively cycling cells (Hitomi and Stacey, 1999b; Guo et al., 2002) .
Suppression of cyclin D1 message level
Using thymidine block-release, we first examined if serum deprivation can suppress cyclin D1 protein induction in G2 phase of synchronous cultures as observed in asynchronous cultures (Figure 1 ). Thymidine-blocked cells were released into either 10 or 0% serum-containing medium. Cells were fixed at the indicated times and cyclin D1 and DNA were stained and the fluorescence intensity of each stain was quantified using image analysis. In the presence of serum, a slight cyclin D1 increase was detected by 2 h after the release from thymidine block. The expression levels further increased as the cells progressed into G2 phase, 5 h after the release. In the absence of serum, on the other hand, the cells progressed into G2 phase normally, but the induction of cyclin D1 was inhibited ( Figure 3a and Table 1 ). To confirm this observation biochemically, Western blot analysis was performed with cultures synchronized as above. The intensity of cyclin D1 bands was normalized against actin signals. When thymidine-blocked cells were released into serumcontaining medium, a slight elevation of cyclin D1 was detected at 2 h, and by 5 h of release, the cyclin D1 protein levels were further increased ( Figure 3b , lanes 2 and 4). Without serum, however, the cyclin D1 expression level in G2-enriched cultures stayed as low as the level detected in the S phase population (Figure 3b, lane 3) . These results were confirmed by repeated analyses (Figure 3c ) and consistent with the results obtained by image analysis (Figure 3a and Table 1 ).
To understand how serum removal suppresses cyclin D1 expression during G2 phase, we analysed the change in cyclin D1 message abundance after serum withdrawal. Thymidine-blocked NIH3T3 cells were released and cultured in the presence or absence of serum for various times. Total RNA was extracted and message levels of cyclin D1 and GAPDH were determined by Northern blot analysis. A representative blot, and quantified data normalized to GAPDH abundance from four independent blots are shown in Figure 4 , panels a and b. When cells were released into 10% serumcontaining medium, the cyclin D1 message expression level was slightly increased as cells progressed into G2 phase. This minor change in the message level during progression from S to G2 phase is similar to the pattern observed in the actively proliferating unperturbed cultures (Guo et al., 2002) , indicating that this synchronization method also recapitulates well the cyclin D1 message expression pattern of unperturbed cell cycle progression. If serum was removed at the time of release from the thymidine block, however, the level of cyclin D1 message was reduced by one-half after 5 h, when the cells had progressed into G2 phase. A similar conclusion was also reached when the cyclin D1 message abundance was normalized against the message level of acidic ribosomal phosphoprotein P0 (ARPP P0), whose NIH3T3 cells were released from thymidine block and cultured under the indicated conditions. The cells were fixed at the times listed, stained, and the fluorescence intensity of cyclin D1 and DNA determined for each cell in the culture. All cells in each treatment were then combined and the average fluorescent intensity of cyclin D1 determined, and normalized to the mean value determined for cells released for 6 h into 10% serum-containing medium. Asterisks indicate the significance of variation between each treatment compared to the culture released for 6 h into medium containing 10% serum and amanitin (*Po0.05, **Po0.01; Student's t-test, n: the number of experiments performed)
Cyclin D1 mRNA destabilization and cell cycle exit Y Guo et al expression has been reported to be constant even in the absence of serum (Ciarmatori et al., 2001 ) (data not shown).
In order to confirm the Northern blot results obtained from synchronized cultures, we next determined the cyclin D1 message level by quantitative fluorescent in situ hybridization (FISH) in asynchronous cultures (Figure 5a ). Quantitative FISH can determine the message expression levels for individual cells (Guo et al., 2002) , and therefore it does not depend upon the level of an internal control message, whose expression level may also be subject to change upon serum starvation. Actively proliferating NIH3T3 cells, even within the same cell cycle phase, express varying levels of cyclin D1 mRNA (Figure 5b) . When the average level of cyclin D1 message was calculated for each cell cycle phase, there was a slight cell cycle-dependent change, with the highest level in G1 followed by G2 and then S phase (Figure 5c ), as it has been reported previously (Guo et al., 2002) . After 6 h of serum starvation, however, cyclin D1 mRNA expression was suppressed to low levels in all cell cycle phases (Figure 5b and c) . Four independent experiments were performed and the average remaining levels of cyclin D1 message after serum starvation were calculated. As shown in Figure 5 , panel d, regardless of the cell cycle phase, cyclin D1 mRNA was reduced by about 75% when the serum was removed for 6 h. These two independent methods, Northern blot analysis of synchronous culture and quantitative FISH analysis of actively proliferating cells, demonstrate that cyclin D1 message level declines upon serum deprivation. Thymidine-arrested NIH3T3 cells were released into medium containing 0 or 10% serum for 0, 2, or 5 h. Total RNA was isolated and cyclin D1 message expression was analysed by Northern blot. GAPDH message was also analysed as a loading control. (b) The Northern blot analysis described above was repeated four times and the average cyclin D1 message expression level (normalized against GAPDH message level) is reported as a proportion of the value observed at 2 h after release (7s.d.) Figure 3 Serum deprivation suppressed cyclin D1 protein expression in G2 phase. NIH3T3 cells were synchronized in S phase with 2 mM thymidine and then released into either 0 or 10% serumcontaining medium without thymidine. (a) Cells were fixed before (0 h), 2, or 5 h after the release. The fluorescence intensity of cyclin D1 and DNA was determined and plotted for each cell in each culture. (b) Thymidine-blocked cells were released into medium containing either 0 or 10% serum. At the indicated times after release, cells were harvested and total protein was extracted. Cyclin D1 and actin were analysed by Western blot. (c) The intensity of cyclin D1 bands were normalized against the actin bands. This value is expressed as a proportion of the level at 2 h. The average value for each time point was determined from five independent experiments. The error bars indicate standard errors Cyclin D1 mRNA destabilization and cell cycle exit Y Guo et al
Constant transcription rate
Next, we examined whether the decline in the steadystate level of cyclin D1 mRNA results from transcriptional suppression. Mitogenic signaling activates cyclin D1 transcription (Winston et al., 1996) through Ras activity and its downstream transcription factors (Albanese et al., 1995; Gille and Downward, 1999) . In addition, a Ras-responsive, topoisomerase II alpha promoter-driven reporter gene was suppressed shortly after neutralization of Ras activity (Sa et al., 2002) . Therefore, we reasoned that serum removal could suppress the rate of cyclin D1 transcription. To test this possibility, we determined the effect of serum deprivation on the cyclin D1 transcription rate using a nuclear run-on assay. We found that thymidine-blocked cells at the G1/S border have a relatively low transcription rate for the histone H3 gene. At 2 h after release into 10% serum-containing medium, as they synchronously progressed towards mid-S phase, histone transcription reached a maximum rate, after which it subsided as the cells progressed into G2 phase after 5 h (Figure 6a,  lanes 1, 3, and 5 ). This cell cycle-dependent fluctuation in histone transcription is in good agreement with reported data (Rickles et al., 1982; DeLisle et al., 1983) . The cyclin D1 transcription rate, on the other hand, remained steady during cell cycle progression from S to G2 phase (Figure 6a, lanes 1, 3, and 5 ). This is consistent with our previous studies demonstrating a constant cyclin D1 transcription rate throughout the cell cycle (Guo et al., 2002) . When serum was removed, histone transcription was more active than in the presence of serum, but it declined as the cells progressed into G2 phase (Figure 6a ). The cyclin D1 transcription, on the other hand, was similar in the absence or presence of serum from S through G2 phase. We also examined the long-term effect of serum starvation on the cyclin D1 transcription activity using asynchronous cultures. Surprisingly, no significant decline in cyclin D1 transcription was detected for at least 24 h after serum deprivation. These data indicate that serum deprivation suppresses cyclin D1 mRNA level without any significant decline in the rate of transcription, suggesting the involvement of message destabilization.
Cyclin D1 message destabilization
To determine the stability of cyclin D1 message in the presence or absence of serum, we next analysed the rate of cyclin D1 message decline after inhibiting the transcription with alpha-amanitin. The cyclin D1 message abundance was determined by Northern blot using the message level of ARPP P0 or GAPDH message as a loading control (Figure 7a and b) . Using either loading control, cyclin D1 message decreased faster in the absence of serum than in the presence of serum when transcription was blocked by amanitin. These data indicate that the half-life of cyclin D1 becomes shorter upon serum removal. These data, however, were obtained using endogenous mRNAs as loading controls, whose abundance may also change after amanitin treatment and/or serum deprivation. To circumvent such complications, we used quantitative FISH to determine the cyclin D1 message levels in individual cells, where the message level could be directly quantified without the need of reference to an internal control message ( Figure 8A ). Asynchronous NIH3T3 cells were treated with alpha-amanitin either in the presence or absence of serum, or simply deprived of serum without amanitin treatment for various times. Before fixation, cells were pulse labeled with BrdU to determine those in S phase. A sense-oriented probe was used to determine the background fluorescence level. The average cyclin D1 message level was calculated for each cell cycle phase. When transcription was blocked by alpha-amanitin in the absence of serum, cyclin D1 mRNA level declined faster than with serum deprivation alone ( Figure 8B , b and c), indicating that message synthesis still continues even after serum deprivation. This is consistent with the persistent transcription activity detected by nuclear run-on assay after serum removal ( Figure 6 ). When transcription was blocked by alpha-amanitin in the presence of serum, cyclin D1 message level remained high for a longer period than in the cells treated with amanitin in the absence of serum ( Figure 8B, a and c) . This is consistent with reduced cyclin D1 mRNA stability upon serum removal. There was no cell cycle phase-dependent difference in cyclin D1 message decline following any of the treatments tested, indicating that serum removal destabilized cyclin D1 message in all cell cycle phases. The shorter half-life of cyclin D1 transcript in the absence of serum was confirmed when cyclin D1 message levels of the whole cultures were determined by FISH analysis in another experiment ( Figure 8C ). We conclude that serum withdrawal destabilizes cyclin D1 message regardless of the cell cycle phase.
Discussion
We have previously demonstrated that the mitogendependent induction of cyclin D1 expression during G2 phase is critical for a decision to continue through the next cell division cycle Stacey, 1999a, b, 2001; Stacey, 2003) . Despite its importance, however, Figure 6 Nuclear run-on assay. (a) Thymidine synchronized NIH3T3 cells were released into either 0 or 10% serum-containing medium for the indicated times. Nuclei were harvested and the nascent transcripts were labeled with [a-32 P]UTP. Labeled transcripts were hybridized to the immobilized target sequences listed, followed by autoradiography. (b) Asynchronous NIH3T3 cells were serum deprived for the indicated periods prior to nuclear run-on assay as above the stimulation of cyclin D1 during G2 phase has not been fully investigated. To address this issue, these studies were performed in asynchronous as well as cell cycle synchronized cultures using biochemical along with single cell-based cytological techniques. Among the synchronization techniques tested, the thymidine blockrelease method best duplicated the characteristics of cyclin D1 regulation observed in asynchronous cultures. The results obtained from cells synchronized in this way were confirmed with asynchronous cultures where cell cycle progression was not perturbed. It was demonstrated that serum deprivation destabilized cyclin D1 message in all cell cycle phases without suppressing the transcriptional activity of this gene. Thus, mitogenic signaling controls cyclin D1 mRNA stability, and thereby cyclin D1 levels during G2 phase, when the commitment to continued proliferation is made. However, message destabilization alone cannot explain the slower decline in cyclin D1 protein expression in G1 phase after serum starvation. The discrepancy between the protein and message expression levels indicates that other post-transcriptional regulatory changes, such as protein synthetic rate and/or protein stability, are also involved in the downmodulation of cyclin D1 expression during exit from the cell cycle.
On the other hand, when quiescent cells are stimulated to enter the cell division cycle, mitogenic stimulation induces transcription of cyclin D1 gene. If mitogenic stimuli are removed from a culture of stimulated quiescent cells, it is postulated that transcription of cyclin D1 gene stops, which causes an immediate decline in cyclin D1 protein levels, due to rapid turnover rates of both the message and protein (Sherr, 1995) . The following points, however, need to be re-examined before it can be concluded that regulation of cyclin D1 expression during entry into the cell cycle is different from that in the cells exiting the cell cycle, as described below.
First, although it is postulated that disruption of mitogenic signaling would turn off cyclin D1 transcription in quiescent cells stimulated by mitogen, the data to support this assumption rely upon suppression of a cyclin D1 promoter-reporter gene activity after disruption of mitogenic signaling (Lavoie et al., 1996) . A more direct assessment of cyclin D1 transcription, such as nuclear run-on assay, is required to demonstrate directly reduction of cyclin D1 transcription after mitogen removal during entry into the cell cycle. In the current studies, nuclear run-on assay detected that the cyclin D1 transcription continued even 24 h after serum removal from asynchronous cultures. Such prolonged transcriptional activity could be driven by the transcription factor(s) whose activity is not dependent on growth factors. In support of this possibility, a series of transcription factor binding motives have been found in cyclin D1 promoter region in addition to growth factor signaling responsive elements (Albanese et al., 1995; Westwick et al., 1997 Westwick et al., , 1998 Watanabe et al., 1998; Guttridge et al., 1999; Joyce et al., 1999; Lee et al., 1999 Lee et al., , 2000 Matsumura et al., 1999; Musa et al., 1999; Page et al., 1999; Shtutman et al., 1999; Shie et al., 2000; Amanatullah et al., 2001; Wang et al., 2001 ). Also, while we find cyclin D1 mRNA to be stable in the presence of serum in actively cycling cells, the mRNA is postulated to be unstable following mitogen stimulation of quiescent cells. It should be noticed, however, that the short half-life of cyclin D1 message reported during re-entry into the cell cycle was determined in the absence of mitogen (Matsushime et al., 1991) . The stability of cyclin D1 message during entry into the cell cycle in the presence of mitogen remains to be determined. It is possible that cyclin D1 message is stable in both systems so long as mitogen is present. In support of the possibility that cyclin D1 expression can also be regulated through changes in message stability even during re-entry into the cell cycle; it has been reported that cyclin D1 message increases without a significant change in the transcription activity during liver regeneration after partial hepatectomy (Albrecht et al., 1993) . In support of our results in proliferating cultures, a long half-life of cyclin D1 message has been reported in other similar studies (Liu et al., 1995) . In addition, stable cyclin D1 mRNA in the presence of mitogen would help explain our previous observation that a transcription inhibitor failed to suppress cyclin D1 induction during G2 phase of actively proliferating cultures (Guo et al., 2002) .
Alterations in the stability of cyclin D1 message might involve AU-rich elements (ARE) in its 3 0 untranslated region (UTR): elements that are directly involved in regulating the stability of other transcripts (Chen and Shyu, 1995) . Shorter than normal cyclin D1 transcripts lacking the 3 0 UTR are found in some cancer cells, where these transcripts display a lengthened half-life (Lebwohl et al., 1994; Rimokh et al., 1994) , supporting the possibility that ARE elements destabilize the cyclin D1 transcript. In addition, recent studies indicate that messages with ARE can be either destabilized or stabilized, depending on the proteins that bind to the ARE , including cyclin D1 message (Briata et al., 2003) . Finally, the abundance of cyclin D1 message can change in an in vivo system, when the expression of an ARE binding protein is modulated (Gouble et al., 2002 ). It will require further studies, The average remaining cyclin D1 message level is shown for each time period as a proportion to levels prior to treatment however, to understand the role of the 3 0 UTR in regulating cyclin D1 message through cell cycle exit.
Tumor cells continue to proliferate under conditions where normal cells withdraw from the cell cycle and become quiescent. Cyclin D1 is one of the proteins that is frequently overexpressed, and believed to promote uncontrolled proliferation of cancer cells (Sherr, 1996) . Since destabilization of cyclin D1 message upon mitogen deprivation is a normal way for cyclin D1 to be downregulated, increased stability of cyclin D1 message might be involved in cyclin D1 overexpression in cancer cells. While some cancer cells might achieve this by expressing 3 0 UTR-truncated cyclin D1 transcripts (Lebwohl et al., 1994; Rimokh et al., 1994) , the half-life of the nontruncated cyclin D1 transcript also becomes longer following transformation by oncogenic Ras (Liu et al., 1995) . In addition, chemicals that block signaling pathways involved in cell proliferation are reported to destabilize the cyclin D1 message (Hashemolhosseini et al., 1998; Dufourny et al., 2000) . Therefore, in addition to 3 0 UTR truncation, it is possible that mitogenic signaling might contribute to cyclin D1 message stability in other ways. Studies of the molecular basis of cyclin D1 message stabilization by mitogenic signaling might, therefore, provide clues to understand the unregulated proliferation of tumor cells.
Materials and methods
Materials
Bovine serum, alpha-amanitin, rabbit polyclonal anti-actin antibody, biotinylated-or alkaline phosphatase-conjugated mouse monoclonal anti-digoxin antibodies (clone DI-22), and alkaline phosphatase-conjugated anti-mouse, or anti-rabbit antibodies were obtained form Sigma (St Louis, MO, USA). Mouse monoclonal anti-cyclin D1 antibody (clone 72-13G) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal sheep anti-BrdU antibody was obtained from Fitzgerald Industries International (Concord, MA, USA). Fluorochrome-labeled secondary antibodies were products of Jackson Immunoresearch Co. (West Grove, PA, USA). Chemifluorescence substrate was purchased from Amersham (Piscataway, NJ, USA). Tylamide Signal Amplification Kit was a product of Perkin-Elmer (Wellesley, MA, USA). [a-32 P]UTP was obtained from ICN (Irvine, CA, USA). Anti-Ras antibody (Y13-259) for microinjection was prepared as described (Hitomi and Stacey, 1999a) .
Cell culture
NIH3T3 cells were grown in 10% bovine serum-containing D-MEM medium supplemented with 100 U/ml penicillin and streptomycin under 5% CO 2 with a humidified atmosphere at 371C. To obtain synchronized culture at the G1/S border, cells were incubated with 2 mM thymidine containing medium for 14-15 h. To release from thymidine block, the monolayer was washed twice with warmed (371C) PBS and further incubated with D-MEM with or without serum. Microinjection was performed (Stacey, 1981) using CO 2 -insensitive medium during injection. To inhibit transcription, cells were treated with 20 mM alpha-amanitin, which can block de novo mRNA synthesis immediately and at least for 6 h (Guo et al., 2002) . We did not use actinomycin D because it inhibited cell cycle progression from S to G2 phase (data not shown).
Western, Northern blotting, and nuclear run-on To extract cyclin D1 for Western blot analysis, the cells were lysed with lysis buffer as described (Hitomi and Stacey, 1999b) . The proteins (20 mg/lane) were separated by SDS-PAGE and blotted onto a nitrocellulose membrane. Cyclin D1 and actin were detected using specific antibodies. Northern blot analysis was performed accordingly (Guo et al., 2002) . cDNA of ARPP P0 (ATCC# MGC-6264) was digested with SalI and an antisense-oriented, digoxigenin-labeled, riboprobe was made by in vitro transcription using T7 polymerase. The bands of interests were detected by Storm Imager (Molecular Dynamics, Sunnyvale, CA, USA) using alkaline phosphataseconjugated antibody coupled to chemifluorescence substrate. Nuclear run-on assay was performed as described (Guo et al., 2002) with the following modification. In the current study, the UV absorbance of RNA extracted after run-on reaction was measured using a disposable UV transparent plastic cuvette, and equal amounts of RNA were hybridized rather than equal amounts of radioactivity as in our previous study (Guo et al., 2002) . The radioactivity hybridized to immobilized target sequences was determined by Phospho Imager (Molecular Dynamics, Sunnyvale, CA, USA).
Immunofluorescence and FISH
Immunofluorescence and FISH were performed as described earlier (Hitomi and Stacey, 1999b; Guo et al., 2002) . The intensity of fluorescence signals was determined by digital image analysis as described (Hitomi and Stacey, 1999b) .
